a Holger. Laukant@uni-bayreuth.de, b Clemens.Wallmann@uni-bayreuth.de, c Michael. Korte@audi.de, d Uwe. Glatzel@uni-bayreuth.de Keywords: laser, aluminium, steel Abstract. Joining of iron with aluminium in the liquid phase is complicated due to the formation of brittle intermetallics within Fe-Al melts. In this work we present the technology of a laser weldingbrazing (LWB) process to join zinc-coated steel and aluminium sheets in an overlap geometry.
Introduction
In the search for lightweight structures the automotive industry is increasingly interested in partially substituting steel with lighter materials. These mixed-material constructions with the use of dissimilar metals will fundamentally change future automotive body constructions. With regard to hybrid-structures the means of joining dissimilar metals need to be improved or newly developed [1] [2] [3] .
Conventional methods of joining dissimilar metals include mechanical joining with rivets, clinches or screws, adhesive bonding, as well as various welding methods [3] [4] [5] [6] [7] [8] [9] [10] [11] . Among thermal joining techniques, the laser welding process to attach metallurgical non-fitting partners to each other has the advantage of short process times and one side accessibility to the joining zone. Hence it provides good adaptability and a good relation between weight reduction and costs in serial production.
In previous work different laser beam joining techniques were developed [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, these processes were conducted using either single laser beam, or flux agents to enhance the wetting of the braze alloy onto the steel sheet. Only [12] presents a brazing process to join steel with aluminium using ZnAg12 filler material and a dual-laser beam. This work presents a novelty in the combination of flux-less weld-brazing zinc-coated steel with aluminium sheets using a dual-spot laser beam.
We present a laser welding-brazing (LWB) process that allows joining of zinc plated steel with aluminium sheets by the use of either a zinc, or an aluminium based filler alloy. The joint has a dual characteristic and is divided into a welding part on the aluminium side, and a brazing part on the steel side to avoid the liquid stage of both metals and an intense formation of intermetallic phases.
The used deep drawing steel sheets are covered by a zinc layer with a range of 10 µm. A Nd:YAG laser was used in the welding experiments. Because of the differences in melting temperatures between iron (1808 K) to aluminium (933 K) and zinc (693 K), it is possible to weld only the aluminium sheet. The process itself works without any brazing flux agent due to the miscibility of aluminium and zinc with the zinc-coating on the steel sheet. This is beneficial since the remaining flux has not to be removed in an additional process. Wetting lengths can therefore only be extended by a controlled temperature field, created by a second laser spot which preheats the steel sheet surface.
Experimental Setup
Laser Configuration Setup. The LWB-process was conducted using a 4.4 kW diode pumped Nd:YAG laser (Rofin-Sinar DY044) connected to a 6-axis robot handling device (Kuka-KR125). The laser beam was guided through a glass fibre with 400 µm diameter to a laser head. The focusforming module from HighYAG-Lasertechnology can split the incoming laser beam and shift the created second beam in relation to the main beam in different angles and distances. The laser power of the second beam can be varied from 0 to 60% of total laser power. Due to the low vaporization point of zinc (1180 K) metal vapours are released during the joining process. These vapours coming from the filler wire and the zinc cover have an influence on quality and stability of the process if they interact with the laser beam. The energy loss into the metal fume and the resulting defocusing of the beam lead to irregular weld seams and a loss of strength of the joint within one single sheet from the beginning of the brazed seam to its end. This effect was caused by the increasing accumulation of the created metal vapour in the laser beam during the joining process. With a dragging position of the used coaxial filler wire and inert gas nozzle shown in Fig. 1 , the emerging vapour plume is removed immediately from the laser beam while the inert gas provides a good shielding of the brazed seam. This cover is essential since oxygen is fiercely reacting with the
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molten aluminium as well as the molten zinc, leading to fused-on spatters and an insufficient brazing result. The flow rate of shielding gas was set to 10-20 l min -1
. Weld-brazing parameters for the LWB-process are given in table 1. wire was used as aluminium based filler material. Surfaces of both metal sheets were cleaned using acetone before welding to remove any surface contamination. Cross-Sectional Structure. Cross-sectional specimens taken from welded sheets at least 20 mm away from the beginning and the end of the weld-braze seam were prepared for optical and electron microscopy using standard procedures like polishing, grinding and etching. Micro-structural and chemical composition examinations were made using a Jeol scanning electron microscope (SEM) equipped with an energy dispersive X-ray (EDX) detector. Mechanical Testing. The specimens presented in this paper are welded in a filled overlap weld (FOW). Five specimens (details in Fig. 2 .) from two separately welded sheets were tensile tested and the results have been averaged. Deformation speed was set to 10 mm/min. The average measured maximum forces and elongations are presented. Tension stress values can be calculated by dividing the force by cross sectional area of the aluminium sheet (49.5 mm²) or of the steel sheet (40.5 mm²) of the tensile test specimen. The Vickers hardness distribution was measured with a full automatic universal microhardness tester (Fischerscope H100) to determine a hardness matrix of the joint and the heat affected zones of the base material.
Results and Discussion
Cross-Sectional Structure. Figures 3a) and 4 show SEM-pictures of the formed joining zones. It can be seen that the process temperature in both cases did not reach the melting point of steel, but of aluminium. Therefore the result is a welded aluminium mixing with the aluminium filler wire (Fig.  3a) or zinc-filler wire (Fig. 4) , and a brazed steel by the in situ forming Zn-or Al-alloy. Advanced Materials Research Vols. 6-8 Figure 4 shows the effect of using a second laser beam for preheating the steel sheet. The laser power of the main beam is kept constant and additionally 10 to 30% of laser power is positioned onto the steel surface. The amount of laser power for the second beam is limited by the vaporization point of zinc. Temperatures need to stay below 1180 K not to lose the wetting effect of the zinc layer, or create braze irregularities from emerging zinc-vapour. In the case of aluminium filler material, a tandem configuration of the laser beams was conducted to reach greater wetting lengths by keeping braze-material liquid for a longer time. The intermetallic layers for both filler materials are limited and do not exceed the whole contact area steel -brazed seam. The maximum thicknesses of the intermetallic layers are below the critical value of 10 µm denoted in [13, 14] . A second advantage of using a laser head is a "tophead" laser energy distribution along the beam radius. With defocused standard laser-optics a Gaussian energy distribution over beam radius is created which can lead to fusion penetrations into the steel sheet at energy maximum. This has to be avoided to eliminate creation of intermetallic Fe-Al phases directly from the liquid stage of iron and aluminium. Figure 5a) shows an area with a molten steel volume and forming intermetallic phases. The reduced tensile strength of LWB-joints with AlMg6Mn filler material is explained with the mechanical properties of the brazed seam. The zinc-aluminium alloy in the brazed seam is harder and is not deforming during tensile test. The more ductile aluminium brazed seam shears at the sides of tensile test specimen (see Fig. 8b ) and finally breaks in the brazed seam. This also explains the reduced maximum strength and elongation values compared to zinc-based filler materials where the aluminium sheet is deforming until fracture occurs in base material. For tensile strength, a hard and strong brazed seam is favourable. If it is required that the joint is deformable, a soft and deformable brazed seam is favourable. In this case only aluminium based filler materials provide ductile mechanical properties. Requirements of the later application for the steel-aluminium joints can be matched by varying the filler materials.
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Distribution of Universal Hardness. Figure 9 shows false colour distributions of the universal hardness in Vickers of the cross-sections with zinc-based and aluminium-based filler material. The hardness of the brazed seam is slightly higher than that of the steel sheet while using zinc-based filler alloy. By using the aluminium based filler alloy the brazed seam has equal hardness as the joined aluminium sheet. Due to the high hardness of the zinc-filler material joint, the brazed seam is not ductile enough to perform bending of the joint. Since the hardness of aluminium sheet and brazed seam are equal in the joint with aluminium filler material, a bending on the brazed seam is possible (see Fig. 3b ). There is no major hardening or weakening of the base materials detectable after the LWB-process. The intermetallic layers reach Vickers hardnesses between 900-1000 HV and point up the crucial role of the intermetallic layer for the strength and properties of joints between aluminium and steel. It is a necessity to limit extend and thickness of such hard and brittle phases in the contact area brazed seam to steel.
Summary

1.
It is possible to join aluminium with zinc-covered steel by a Nd:YAG laser beam without the need of a flux agent. 2. Wetting lengths can be increased by preheating the steel sheet with a second laser beam. 3. A "tophead" energy distribution in laser beam radius avoids the formation of hard intermetallic Fe-Al phase around areas of molten steel sheet and molten aluminium. 4 . Tensile strengths of the tested joints reach the strength of the aluminium base material if zinc based filler material is used and wetting length is greater than 3.5 mm. 5. Aluminium content in ZnAl-brazed seam has to be greater than 20 wt.% to avoid fracture in brazed seam. 6. Wormholes limit tensile strength and can be avoided by closing the gap between the two sheets to limit gas expansion into brazed seam. 7. Joints with zinc-based filler material show hardness in the brazed seam which is slightly higher than the steel sheet material. The brazed seam is almost not bendable before breaking. 8. Joints with aluminium-based filler material have brazed seam hardness equal to aluminium sheet material. The brazed seam is ductile and deformable.
